This study explores the microspatial and temporal genetic variation in crop-wild hybrid weed beets that emerged from the seed bank in a cultivated field surveyed over two successive years. We demonstrate the occurrence of demes highly genetically differentiated, kin-structured, characterized by moderate effective population sizes, differing in propensity for selfing, and arising from nonrandom genetic subsets of the seed bank. Only one deme identified in the first survey year significantly contributed to the weed beets that emerged in the second year. Spatial structuring appears to be primarily due to gravity seed dispersal and limited pollen flow among weed beet demes. Within each genetic cluster identified by Bayesian assignments and multivariate analyses, F IS estimates and level of biparental inbreeding-revealed by progeny analysesdropped to non-significant values. This suggests that random mating occurs at the scale of genetically distinct demes over a very short scale. Our results highlight the need to carefully depict genetic discontinuities in weed species, when attempting to describe their local genetic neighborhoods within which genetic drift and selective processes occur.
Introduction
In plant populations, pollen or seed dispersal often governs the degree of fine-scale genetic structure and the size of local genetic neighborhoods within which genetic drift or selective processes will take place (Knowles et al., 1992; Mimura et al., 2009) . Pollen and seed dispersal operate in sequence, but an overall predominance of gene flow through pollen is generally suggested in seed plants for outcrossing species (Levin, 1981; Vekemans and Hardy, 2004) . Gene flow vary in space but also over time. In plant populations, seed dormancy leads to the build-up of seed banks, that is, seeds that can be buried and remain dormant in the soil. Seed banks are commonly found in populations that live in unpredictable or extreme environments. Plants can thereby survive unfavorable periods by persisting as dormant seeds in the soil, forming a reservoir of sleeping genes that accumulates and stores genetic diversity over many reproductive seasons, thus preventing the risk of extinction or competition with both relatives and non-relatives (Vitalis et al., 2004) . This kind of migration from the past can affect the metapopulation dynamics of plant populations and can greatly influence the effective population size (N e ) and the spatial genetic structure within and among populations (Templeton and Levin, 1979; Shimono et al., 2006) .
A long-lived seed bank might therefore be of crucial importance in driving metapopulation dynamics of invasive weed species that have evolved from crop cultivation in agricultural and human-disturbed habitats. This is particularly true in the case of weed beets (Beta vulgaris) whose propensity for invasiveness stems from a mixture of life-history traits inherited during crop-wild hybridizations. The B. vulgaris species complex constitutes an evolving system of domesticated and wild relatives connected through shared ancestry and high potential for hybridization (Fénart et al., 2008) . Genetic analyses demonstrate that weed beets arise from accidental hybridization events between cultivated seed bearers and wild inland beets located in the vicinity of seed production areas designed for sugar beet production (Arnaud et al., 2009) . These F1 crop-wild hybrid seeds are indistinguishable from certified seeds and, consequently, are inadvertently mixed with cultivar seeds and sown in sugar beet fields. This results in weed beets that infest sugar beet fields by bolting and flowering during the crop year, contrary to cultivated beets that are biannual and harvested for roots before flowering. The subsequent invasiveness of weed beets can be attributed to their ability to flower the first year after seedling emergence and to their primary dormancy allowing weed beet seeds to survive several years buried in the soil (Van Dijk, 2004; Sester et al., 2006) . First-year flowering arises through the introgression of a wild genetic background into the crop gene pool, that is, the B gene that cancels the vernalization requirement (Van Dijk, 2004; Arnaud et al., 2010) . In the wild, B. vulgaris has a purely outcrossing mating system that depends on wind pollination (De Cauwer et al., 2010b) . However, a mixed-mating system has been shown in weed beet populations with the occurrence of high selfing rates, up to 44%. Propensity for selfing may stem from the introduction of a crop-derived gene that offsets gametophytic self-incompatibility, the Sf gene (Owen, 1942) . This may allow for some reproductive assurance when mate availability is limited in case of low flowering plant density (Arnaud et al., 2010) .
If initial F1 crop-wild hybrid beets that bolt and flower in sugar beet crops are not removed, they can shed large amounts of seeds, potentially giving rise to large problematic weed beet populations in the following years because of the dormant soil seed bank. Weed beet seeds can persist for several years buried in the soil, with a cyclic decrease of the seed bank due to natural mortality being 20% each year (Sester et al., 2006) .
Weed beets belong to the same species complex as cultivated beets and, therefore, cannot be eliminated by herbicides in sugar beet fields. The most efficient method for preventing the spread of weed beets is traditional, mechanical or hand weeding. In addition to causing yield losses and mechanical problems during harvest, the occurrence of weed beets within sugar beet fields is also problematic because weed and cultivated beets are fully cross-compatible. The management of weed beets is then of crucial importance with regard to the release of genetically modified (GM) herbicide-tolerant sugar beets, to ensure the coexistence of traditional and GM crops and to avoid the spread of herbicide-resistant weed beets (Ellstrand, 2003) .
However, to date, no compelling data is available on the level and change in genetic diversity in weed beets due to metapopulation processes in agricultural-disturbed habitats. No clear knowledge is available on whether a weed beet population should be considered at the scale of a given studied field or whether demographic and genetic functional units occur at a smaller scale, that is, within geographically structured demes of genetically related weed beets, as hypothesized by Viard et al. (2002) . This last hypothesis relies on the particular fruit structure in beets: up to six seeds are aggregated in corky seed balls, dispersed by gravity over short distances. This provides opportunity for kin-structured spatial genetic structure and high level of genetic differentiation (Whitlock and McCauley, 1990; Fievet et al., 2007) .
This study focuses on the short-term change in spatial genetic structure and mating system in a population of weed beets. Among a set of weed beet populations previously described for genetic diversity, first-year flowering ability and mating system (Arnaud et al., 2010) , we studied one representative, well-established weed population for which plants from the seed bank arose the year following the first survey. We thus sought to answer the following questions: (1) is there interannual variation in the mating system and levels of genetic diversity between two successive years in this weed beet population? (2) Does this surveyed population show significant genetic discontinuities due to kinstructured demes of individuals? (3) If so, how does each deme contribute to the next generation and does differential contribution translate into low N e ? (4) Finally, is genetic diversity homogenized due to the mixing of seed cohorts from the seed bank, or is there a spatial genetic signature that reflects the establishment of genetically differentiated founding individuals?
Materials and methods

Sampling and molecular analyses
The studied weed beet population was located in a sugar beet field located within the French area for sugar beet production, located in northern France (2152. 185 0 E; 50134.799 0 N). For at least 15 years, sugar beets have been planted every 2-3 years in this field, depending on the crop rotation. This weed population was comprised in a set of weed beet populations previously surveyed for modeling the distribution of pollen dispersal, mating system and first-year flowering in non-vernalizing conditions (Fénart et al., 2007; Arnaud et al., 2010) . In the first survey year, the sugar beet field was found to be locally infested by weed beets; 330 bolting plants were counted. This weed population was composed of backcrossed crop-wild hybrid weed beets germinating outside sowing lines. Therefore, this indicates that these weed beets arose from the soil seed bank. Five geographically distinct groups of individuals, labeled from 1 to 5, can be visualized in Figure 1 . For this first Spatial genetic structure in weed beets J-F Arnaud et al survey year, leaf tissue from a total of 75 weed beets was sampled in summer 2003 and genotyped as described in Fénart et al. (2007) . All collected weed beets were also examined for mating system, with 24 seeds per individual used for progeny analyses (Arnaud et al., 2010) . In the following year, the field was used for a potato crop, following the farmer's crop rotation schedule. However, despite the inability of weed beets to efficiently compete in most other crops of the rotation (Sester et al., 2004) , reappearance of weed beets still arose from the seed bank both in the field and at its margins, presumably owing to lax weeding practices (Figure 1) . We exhaustively collected leaves from 66 weed beets in summer 2004, among which 16 were used as maternal plants with 24 seeds per individual, randomly chosen for progeny analyses. For both survey years, all adult plants were left in the field, and seeds used for progeny analyses were germinated in controlled conditions in a greenhouse until subsequent DNA extraction.
Extraction and purification of total DNA from the leaves of the 141 sampled individuals (75 and 66 weed beets in 2003 and 2004, respectively) , together with their progeny arrays, was performed using the DNeasy 96 Plant Kit (Qiagen Inc., Hilden, Germany), as per the manufacturer's instructions. All individuals were examined for nuclear genetic variation using 10 microsatellite loci named GAA1, GTT1, GCC1, BVM3, CAA1, SB04, SB06, SB07, SB15 and FDSB1027 (Mö rchen et al., 1996; Viard et al., 2002; Richards et al., 2004) . Allele sizing and PCR conditions are described in De Cauwer et al. (2010b) . To determine cytoplasmic diversity and ensure that weed beets are the results of progenies from previous accidental hybridization events between cultivated seed bearers and wild pollinators, we checked for the presence of Owen cytoplasmic male sterility, named CMS Owen, and universally used in sugar beet breeding programs (Arnaud et al., 2003) . A diagnostic chloroplastic PCR-restriction-fragment length polymorphism marker was used as described in Ran and Michaelis (1995) .
Data analysis
Interannual genetic variation was described by multilocus means of observed (H o ) and expected (H e ) heterozygosity, number of alleles (A n ), and allelic richness (A r ). Departures from Hardy-Weinberg (HW) expectations were quantified with the intrapopulation fixation index (F IS ), for which significant deviations from 0 were tested using 10 000 permutations of alleles among individuals within population samples. Pairwise population differentiation (F ST ) over years and among distinct clusters of individuals (see below) was assessed and tested for significance using a G-test with 10 000 runs of multilocus genotypes randomization among samples. These analyses were conducted using FSTAT version 2.9.3 (Goudet, 1995) .
Multilocus population-level outcrossing rates (t m ), difference between multilocus and single-locus outcrossing rates (t m Àt s ), which provides an estimate of biparental inbreeding, and correlation of outcrossed paternity (r p ) were computed at the population level for both survey years following the numeric NewtonRaphson algorithm and population gene frequencies, using the MLTR version 3.2 software package (Ritland, 2002) .
To identify genetic discontinuities across the focal area, we used the non-spatial, Bayesian, model-based algorithm described in Hubisz et al. (2009) to depict the pattern of fine-scale population structure and to further trace back the putative origin of individuals emerging from the seed bank one year later. Using STRUCTURE (Hubisz et al., 2009) Evanno et al., 2005) , was then calculated to determine the best-fit accurate level of structure. Once the most accurate K was estimated, we performed a new run of clustering, this time using information on the basis of sampling locations of individuals to partition them into each inferred clusters, following the procedure outlined in Hubisz et al. (2009) . Sampling locations were coded as 1-5, which corresponded to the five geographical distinct clusters of weed beets (see Figure 1 ). This placed a previous weight on clustering outcomes that are correlated with the sampling locations and did not allow false inference when the ancestry of individuals was uncorrelated with the sampling locations.
To complement the results from non-spatial Bayesian clustering, we also analyzed the data set sampled in 2003 by assigning individuals from multilocus genotypes into a number K of clusters, using the spatial model of Bayesian clustering implemented in the R package GENE-LAND and described in Guillot et al. (2005) . We allowed K to vary from 1 to 10, with 10 independent runs assuming correlated allele frequencies and running 2 Â 10 6 Markov chain Monte Carlo iterations. Once the modal K was inferred, a detailed map of posterior probability assignments of group membership was estimated using a burn-in of 10 000 iterations.
However, Bayesian clustering approaches are on the basis of genetic assumptions that rely on HW equilibrium and linkage equilibrium between loci. These prerequisites are often violated in natural populations and Bayesian assignments should be complemented by different approaches (for example, see Rutledge et al., 2010) . In this respect, multivariate ordination analyses are explanatory methods that aim at identifying the patterns of genetic variability without requiring strong assumptions about the genetic model (reviewed in Jombart et al., 2009) . Therefore, to corroborate the genetic structure inferred from Bayesian clustering, we used a recently developed multivariate analysis that makes no assumptions regarding the underlying data structure and population genetic model; the discriminant analysis of principal components introduced by Jombart et al. (2010) . This multivariate method consists of a two-step procedure, as follows: (i) genetic data are first centered and scaled using principal component analysis as a previous step; (ii) principal components of principal component analysis are then submitted to a linear discriminant analysis. This approach has been showed to extract useful information from genetic data in subdivided populations and to outperform Bayesian clustering in case of hierarchical structure or clinal variation due to isolation by distance (Jombart et al., 2010) . In all, 50 principal components of principal component analysis were retained in the data transformation step and all analyses were carried out using the ADEGENET package (Jombart, 2008) 
To assess the intensity of spatial genetic structure and its associated significance, we used the S p statistic on the basis of pairwise kinship coefficients as described in Vekemans and Hardy (2004) . To further depict the scale and the direction over which a spatial genetic structure could occur through short-range seed dispersal after germination from the seed bank, we also conducted a two-dimensional Mantel correlogram analysis by using the methodology described in Oden and Sokal (1986) . If different mixed seed bank cohorts germinate together, there should be no significant trends in spatial genetic structure. In contrast, germination of kin-structured seed bank cohorts should leave a genetic signature suggestive of isolation by distance among different founding groups. For the matrix of pairwise genetic distances among weed beets, we used the Cavalli-Sforza and Edwards' (1967) chord distance as a measure of genetic divergence. Results were only reported for distance/ direction sectors containing at least 20 pairwise comparisons to ensure statistical relevance of normalized Mantel r z correlation coefficients (Smouse et al., 1986) . Significance of r z was tested in each distance-direction class using Mantel tests with 10 000 randomizations.
As proposed by Saarinen et al. (2010) , we estimated the N e both through the temporal method on the basis of magnitude of random changes in allele frequency over time and through the single-sample method on the basis of linkage disequilibrium (LD) information among alleles at different loci caused by genetic drift in finite populations. We first used a moment-based temporal estimator of N e described in Jorde & Ryman (2007) and implemented in the TEMPOFS software, which provides estimates less sensitive to small sample sizes and skewed allele frequencies. Temporal estimates of N e were calculated according to sample plan 1, that is, when individuals are either sampled after reproduction or nondestructively sampled and returned back into the population before reproduction (Waples, 1989) . We then used the Burrows' D as a single-sample estimator on the basis of LD and implemented in the LNDE software (Waples and Do, 2010) . This method corrects for biases associated with small sample sizes, does not depend on the assumption of random mating and yields unbiased estimates of LD (r 2 ) from which N e can be derived. To ensure that no bias was introduced due to low-frequency alleles, N e estimates were calculated after excluding alleles with frequencies less than 5%.
Last, we performed a paternity analysis for data set sampled in the first survey year (2003) . Data were reanalyzed on the basis of paternity study by Fénart et al. (2007) that aimed at modeling pollen-dispersal kernels in weed beets. Paternity assignment was performed using the maximum likelihood-based method described in Marshall et al. (1998) . To determine whether the paternity of offspring could significantly be assigned to sampled flowering adults with the highest paternity likelihood, we used the difference in likelihood score between the most likely parents (DLOD) with a critical value (DC) of D, below which paternity could not be attributed at 95% confidence level. Proportions of siring events within and among demes were on the basis of 358 successfully assigned seedlings at a 95% confidence level.
Results
Level of genetic diversity and genetic differentiation over years In contrast to nuclear genetic data, cytoplasmic genetic diversity was monomorphic, that is: all weed beets exhibited the CMS Owen cytoplasm, indicating a common cultivated maternal origin. Among the 66 weed beets sampled in the second survey year, 10 were found to be triploid at some nuclear microsatellite loci and were subsequently removed from the following population genetics analyses. No triploid individuals were found in the first survey year. Genetic differentiation was highly significant across survey years, with an associated F ST value of 0.045 (Po10
À4
). Although a trend of lower levels of genetic variability can be seen in Table 1 , neither mean H o and H e , nor the mean A n and A r , varied significantly between survey years (all at P40.05, two-tailed t-test). In contrast, genotypic structure expected under HW equilibrium varied significantly over years; mean multilocus F IS estimates were significantly greater than zero in the first survey year (F IS ¼ 0.033, Po0.01), but did not show significant departures from random mating in the following year (F IS ¼ 0.018, P ¼ 0.084). Likewise, whereas a mixed-mating system was observed in weed beets collected in the first survey year, t m was not significantly different from complete outcrossing in progeny arrays analyzed in the following year, which also showed a very low level of biparental inbreeding (t m ¼ 0.984±0.026, t m Àt s ¼ 0.019 ± 0.030, see Table 1 ). Levels of r p were, however, of the same order of magnitude in both survey years.
Genetic structuring and cluster membership When using the non-spatially explicit clustering algorithm of Hubisz et al. (2009) , complemented with the ad hoc statistic of Evanno et al. (2005) , the DK statistic showed a strong mode at K ¼ 3, whether the data set included individuals sampled in 2004 or not (Figure 2a) . Average genetic differentiation among the three inferred clusters was high, with a mean F ST value of 0.10 (95% CI: 0.062-0.139; Po10
) and mean pairwise F ST estimates ranging from 0.095 to 0.103, all at Po0.01 after Bonferroni correction. As a result of removing the spatial Wahlund effect, mean within-cluster F IS values fell to nonsignificant values of À0.099, À0.058 and 0.007 for clusters 1, 2 and 3, respectively, all at P40.05. Further evidence for genetic equilibrium within clusters was revealed in estimates of biparental inbreeding (t m Àt s ), which decreased to values close to zero within each cluster (Table 1) . Overall, the genetic distinctiveness among clusters was high and generally congruent with the spatial locations of weed beets (Figure 2b ). Individuals belonging to geographical patch 4 were found to have admixed genotypes from both genetic clusters 2 and 3. Only one individual sampled within cluster 2 had a strong probability (q40.60) of belonging to another inferred cluster, cluster 3 ( Figure 2b) . As shown by S p statistics (see Table 1 ), no significant spatial genetic structuring occurred within clusters, except for cluster 3. Running the clustering algorithm on both survey years further showed that almost all weed beets sampled in 2004 were assigned with very high posterior probability of membership to only one cluster sampled in 2003, cluster 1. Only 7 out 56 weed beets (8.9%) were admixed , and r p were estimated using 1000 bootstraps on progeny arrays and are indicated in parentheses. Also provided are multilocus estimates of effective population size on the basis of N e (LD) or on the basis of N e (Fs) . Their associated 95% confidence intervals were estimated by a jackknifing procedure over the 10 loci. **Po0.01; ***Po0.001; NS, not significant. Spatial genetic structure in weed beets J-F Arnaud et al individuals, with probability of membership higher than 50% for belonging to other inferred clusters (Figure 2b ). The genetic differentiation over time for individuals belonging to cluster 1 was moderate but significant, with a F ST value of 0.022 (CI: 0.004-0.043, Po0.01).
Using the spatially explicit algorithm of Guillot et al. (2005) for the 2003 data set, posterior density distributions of the estimated K displayed consistent results across the 10 replicated runs. As in the non-spatial explicit Bayesian clustering analysis, we found a clear mode at K ¼ 3. Identical genetic discontinuities were depicted; with some admixed individuals located in the geographical patch numbered 4 (see Supplementary Figure S1 ).
The multivariate discriminant analysis of principal components analysis strongly confirmed the genetic distinctiveness of geographical patches of weed beets. Visual inspection of the scatterplots of the first principal components of discriminant analysis of principal components showed that five groups of genetically closer clusters could be identified (Figure 3) . The geographical patch of weed beets labeled 1 was clearly differentiated from the others by the first three principal components. However, depending on the principal components, the remaining geographical patches of weed beets were less structured, with some mixing of individuals in accordance with previous Bayesian assignments. As for Bayesian analyses, the most striking feature was the great genetic proximity of weed beets sampled in the second year survey with the geographical patch labeled 1 in the first year survey, as shown by visual assessment of the scatterplots that did not allow distinguishing these two groups of weed beets (Figure 3 ).
Spatial genetic structure in the weeds that emerge from the seed bank To further test whether seed dispersal is constrained over short distances, we tested for genetic structuring through isolation by distance in individuals that emerged from the seed bank in the second survey year. Along with a significant S p statistic (see Table 1 ), neighboring individuals showed strong genetic similarity within the first four distance/direction classes, declining thereafter with significantly negative r z values found for the last distance classes along an east/west gradient (Figure 4 ). This long-distance differentiation does not correspond to a classic continuous isolation-by-distance pattern. Instead, it exemplifies the germination of two spatially and genetically distinct founding groups of individuals, as depicted in Supplementary Figure S2 , by using the spatially explicit clustering method (Guillot et al., 2005) . High genetic differentiation occurred between the two clusters (F ST ¼ 0.13, Po0.001), which were respectively composed of 49 and 7 individuals, with probability of membership that matched previous results on the basis of non-spatial genetic clustering applied to the whole data (see above).
Estimates of N e Single-sample N e estimated on the basis of LD (Burrow's D) found in the first and second survey years were 14.4 (95% CI: 11-18.8) and 23.8 (95% CI: 15.6-38) (see Table 1 ). When accounting for the effect of population genetic discontinuities within the field, N e estimates were of the same order of magnitude with overlapping confidence intervals for the three inferred genetic clusters, with N e of 17, 9.6 and 36.5 for clusters 1, 2 and 3, respectively. The temporal N e estimates on the basis of changes of allele frequencies over survey years were lower (N e ¼ 5; 95% CI: 3-17; Table 1 ). Because Bayesian assignment tests indicated that only genetic cluster 1 seemed to contribute to most of the weed beet emergence from the seed bank, we reexamined the data set by excluding the seven individuals previously assigned to cluster 2 and 3 from the analysis, that is: N e estimates were then even closer to the singlesample estimate with N e ¼ 8 (95% CI: 4-26).
Pollen dispersal and siring events
By reanalyzing the parentage data set used in Fénart et al. (2007) for modeling the dispersal of pollen flow, we showed that most siring events involved intrapatch pollen flow ( Figure 5 ). Using the three clusters Spatial genetic structure in weed beets J-F Arnaud et al previously inferred by Bayesian clustering as geographical units for weed beets, we found that mating events ranged from 73 to 85% within clusters, whereas intercluster pollen flow was much lower among the three genetic clusters, ranging from 1.4 to 9.6% (see Figure 5 ).
Discussion
Patterns of fine-scaled spatial genetic structure Despite agricultural practices that lead to extinctions of weed beet populations each year during harvest, a persistent weed beet seed bank may (i) prevent the increase and maintenance of significant genetic structure by pooling the reproductive output of several weed generations and averaging out the effects of each generation's dispersal patterns and (ii) allow further opportunities for secondary dispersal events through soil disturbance due to plowing, harrowing or other agricultural practices, which could weaken the spatial genetic structure (for example, see Cabin, 1996) . However, we found substantial genetic discontinuities within the surveyed field, which can be attributed to nonrandom genetic subsets of the soil seed bank. Three genetically distinct and highly differentiated clusters of individuals were depicted in the first survey year, of which only one seemed to significantly contribute to the weed beets that emerged the second year. The spatial genetic structure we observed is then consistent with gravity-driven seed fall that generates a seed bank comprised of kinstructured clusters of progenies in the vicinity of the previous generation's adults, as often observed in weed species in which seed banks are spatially aggregated (for example, see Lortie et al., 2010) . Furthermore, beet seeds are aggregated in a seed ball, simply gravity dispersed only over short distances (Fievet et al., 2007; De Cauwer et al., 2010b) . This type of fruit structure enhances the likelihood that founders are close relatives (siblings) and, as a consequence, strongly increases the genetic differentiation among demes compared with an island model of population structure with founders drawn at random from diverse sources (Whitlock and McCauley, 1990; Ingvarsson and Olsson, 1997) . Along with spatially restricted pollen dispersal, kin-structured founders may thus explain the highly significant differentiation (F ST ¼ 0.10; Po10
À4
) observed at very fine geographical scale among the three genetically distinct clusters of weed beets.
Spatial scale of functional genetic units
At the scale of the whole surveyed weed beet population, significant departure from HW expectations occurred along with significant spatial genetic structure and-as revealed by progeny analyses-a significant level of biparental inbreeding (t m -t s ¼ 0.114). However, within each cluster identified by Bayesian assignments and discriminant analysis of principal components analyses, all F IS estimates and level of biparental inbreeding dropped to values that were not significantly different Arrows indicate the proportion and the orientation of pollen flow events. Pollen flow proportions involving a mother plant sired by pollen donors located outside the studied sugar beet field are equal to 0.14, 0.07 and 0.09 for clusters 1, 2 and 3, respectively. These pollen donors are weed beets located in nearby fields surveyed by Fénart et al. (2007) .
Spatial genetic structure in weed beets J-F Arnaud et al from zero, suggesting that random mating occurs at the scale of genetically distinct demes, over very restricted geographical areas. Likewise, low or no significant spatial genetic structure occurred within clusters, as shown by S p statistics. The same holds for weed beets that primarily emerged from one of the genetically distinct clusters one year later. The high observed genetic differentiation, in concert with nonsignificant F IS values within clusters, corresponds to a metapopulation equilibrium theoretically expected in an annual, randomly mating population with a seed bank, a low seed dispersal rate, a large number of flowering plants, and a high germination rate (Vitalis et al., 2004) . Our findings suggest that (i) once a seed bank has been successfully constituted, the spatial distribution of genetic diversity is primarily determined by the origin of founders, where the founders act as distinct seed sources and reinforce significant spatial genetic structure among genetically differentiated seed banks, (ii) random mating occurs within local genetic neighborhoods generated by the seed bank, (iii) local mixing of the seed bank at a very fine scale, due to the close spacing of individuals producing progeny dispersed over very short distances with overlap in seed shadows, results in random distribution of genetic diversity when a given local seed bank germinates (for example, see Knowles et al., 1992; Cabin, 1996) . Our study thus highlights the need for carefully considering fine-scaled genetic discontinuities when attempting to describe patterns of mating system and genetic structure in a weedy species at small geographical scales.
Seed-and pollen-dispersal events Conversely, if seed dispersal is restricted, extensive pollen flow may mitigate the impact of seed dispersal on genetic structure by diluting the genetic differentiation among seed bank cohorts. Nonetheless, the high level of r p suggested that only a few pollen donors sire a given plant, which can be attributed to density effects that constrain pollen flow to very short distances. Although this pattern is unexpected in a wind-pollinated species (Levin, 1981; Friedman and Barrett, 2009) , high local individual density may saturate the pollen cloud of a given plant by pollen from close neighboring individuals, and this effect has been shown to affect mating patterns within neighborhoods in weed and wild beet populations (Fénart et al., 2007; De Cauwer et al., 2010b) . The high nuclear genetic differentiation observed in this study thus appeared to persist among demes because of limited pollen exchanges. Indeed, we found that most of mating events were spatially restricted and occurred within geographical clusters of individuals, whereas intercluster pollen flow was much lower (Figure 5 ).
It should also be noted that seed dispersal was not strictly restricted within local genetic clusters. Despite the lack of cytoplasmic polymorphism found in our study, Bayesian clustering of individuals, based on nuclear data, revealed rare but effective seed dispersal events among clusters. One first-generation migrant from cluster 3 was clearly identified within cluster 2, implying a seed movement of at least 50 meters within the sugar beet field. Plants that emerged from the seed bank the following year further clearly revealed weed beets that had high probabilities of being members of two out of three distinct clusters identified the previous year, one of them being located 150 meters away. Beyond pollen dispersal, these findings thus indicate that agricultural practices may allow some movement of seeds across a field.
Variation in mating system among clusters During the course of accidental crop-wild hybridizations in the seed production area, the introduction of the cropderived Sf gene in weedy beets may provide opportunities to reproduce when mate availability is limited, that is, reproductive assurance (Baker, 1974) . Indeed it has been shown that, although being a wind-pollinated species, pollen limitation of reproduction occurs over very short scales in B. vulgaris (De Cauwer et al., 2010a) . Mates may then be limited during the initial stage of infestation, when the density of F1 crop-wild hybrids is very low (Van Dijk, 2004; Arnaud et al., 2010) . In this study, weed beet clusters slightly differed in their propensity for selfing with estimates of t m ranging from 0.77 to 0.92, suggesting that the distribution of the selffertility factor varied within the sugar beet field. Compared with the established, first-year weed beet populations composed of F1 crop-wild hybrids (see Arnaud et al., 2010) ; an overall predominantly outcrossing mating system was observed in this study. Moreover, we showed that plants that emerged from the seed bank one year later yielded a t m not significantly different from pure outcrossing, as commonly found in wild accessions (De Cauwer et al., 2010b) . Altogether, there was no conclusive evidence that agricultural-like disturbances affect mating patterns toward increased selfing rate in well-established weed beet populations, presumably due to the high local density of conspecifics found in this weed population.
N e in weed beets
In spatially subdivided populations, although extinction/recolonization dynamics are thought to reduce N e , a seed bank may increase the global N e by acting as a reservoir of neutral genetic diversity that decreases the efficiency of random genetic drift (Honnay et al., 2008) . We found relatively consistent and overlapping values of N e when using the single-sample estimator on the basis of LD, with N e estimates ranging from 9 to 36, depending on the genetically distinct cluster considered. The temporal method yielded a slightly lower N e estimate that was similar in value. Nonetheless, single-sample and temporal N e estimates must be interpreted with caution; they assume that genetic drift is the only evolutionary force acting, and that mutation, selection and migration are negligible. Because we showed that seed and pollen flow among demes of weed beets were very low, we could reasonably assume that our estimates of N e were not biased by immigration effects.
Another potential bias that could lead to erroneous estimates of N e is the assumption of non-overlapping generations, an assumption that could be violated in our study population. Indeed, it is difficult to distinguish between transient seed banks, composed of seeds that germinate immediately the next reproductive year, and persistent seed banks, where seeds remain viable in the soil during several years (for example, see Shimono et al., 2006) . In our study, the occurrence of 10 aneuploid individuals in the weed population probably resulted from a residual weed beet seed bank established when tetraploid cultivar lines were used to pollinate diploid seed bearers to produce triploid sugar beet cultivars, a breeding process that was progressively abandoned as of 2000 and definitively abolished since 2006 (unpublished report from the 'Institut Technique de la Betterave', Paris). Beyond this resurgence of old crop-weed hybrids, the overlap of different generations may be low because the recruitment of seeds from different cohorts should generate significant positive F IS values within demes due to a temporal Wahlund effect (Vitalis et al., 2004; Honnay et al., 2008) . As (i) the genotypic structure we observed within clusters did not deviate from HW expectations and (ii) clusters were highly genetically differentiated as expected for age-structured demes (see Vitalis et al., 2004) , mixtures of different cohorts are unlikely to occur and bias our N e estimates.
Implications for weed management in beet crops
This study showed a predominantly outcrossing mating system, which favors the dispersal of genes in weed beets, and quite substantial N e , which decreases the efficiency of genetic drift. In addition, we found some movements of seeds across the study field, which means that it may be difficult to confine weed beets to a restricted geographical area. These processes are likely to increase the spread of selectively advantageous genes, which is of crucial concern in the case of GM genes that confer herbicide-resistance ability. Managing and controlling weed beet populations inside a field where GM crop beets are cultivated and avoiding their spread to neighboring non-GM fields thus requires the development of an optimal cropping system, such as the combination of various tillage and burial practices, and strict regulations, such as isolation measures or time intervals between successive sugar beet crops on the same field (Ellstrand, 2003; Sester et al., 2007) . Careful attention should be directed to sugar beet, potato and pea crops in priority because they provide a large amount of light, leave more free soil due to larger inter-row spacing and result in a less shady crop canopy (Sester et al., 2004) . In our study, the greater light exposure in a potato field may indeed explain the successful reappearance of weed beets one year later, especially at the field margin where weeding efforts were apparently lower. Finally, predictive models that aim at preventing crop-to-weed gene flow among fields through efficient cropping system should also take into account the occurrence, within a field, of fine-scale structuring into distinct genetic neighborhoods that are highly genetically differentiated and that can differ in mating system.
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